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OTRODUCTICM 

Matal  faclgua  has  baan  wall  recognized  as  an  Important  causa  for  fallura  of  angi- 
nas ring  atructuras.  In  most  applications,  fatlgua  damage  rasults  from  cha  conjoint 
actions  of  cha  cyclically  applied  acrass  and  axcartial  (chemical)  environment , and 
la  therefore  a clas  dependant  phenomenon.  Understanding  of  this  load -environment 
Interaction  In  faclgua  Is  essential  to  cha  fonmlscioe  of  rational  Ufa  prediction 
procedure*  and  to  the  development  of  raaUscic  materials  evaluation  and  qualifica- 
tion casts.  Quantitative  characterisation  and  understanding,  however,  have  been 
hampered  by  cha  complexity  of  the  phenomenon,  by  difficulties  In  separating  the  ef- 
fects associated  with  crack  Initiation  from  those  associated  with  crack  growth,  and 
by  the  Influence  of  external  chemical  environments  on  both  Che  initiation  and  growth 
processes. 

With  cha  Increased  aphasia  placed  on  fatigue  crack  growth  in  many  applications 
since  the  early  1950’s  and  cha  development  of  fracture  mechanics  technology,  sepa- 
rate considerations  of  the  processes  associated  with  fatigue  crack  growth  avolved 
more  or  less  natural ly.  This  separation  has  provided  better  definition  and  focus, 
and  has  bean  by  and  large  beneficial  in  terms  of  developing  understanding  of  envi- 
ronment assisced  fatigue  crack  growth.  In  this  paper,  Che  background  and  recent 
progress  In  understanding  environment  assisted  fatigue  crack  growth  are  described. 
Implications  of  current  understanding  In  terms  of  service  performance  and  Ufa  pre- 
diction procedures  are  considered. 

3AQCGR0UND 

Studies  of  che  Influence  of  environment  on  fatigue  crack  growth  began  In  the  mid 
1960’s  and  have  continued  throughout  cha  past  15  years.  The  results  from  the  vari- 
ous studies  have  been  reviewed  and  summarised  In  a number  of  papers  (Gallagher  end 
Wei.  1972;  McEvtly  and  Wei,  1972;  Wel,  1970)  mui  In  the  proceedings  of  conferences 
(Fatigue  Crack  Prooaaacloo.  1967;  Corrosion  Fatigue,  1972).  Most  of  ths  esrly 
studies  ware  directed  at  characterizing  fatigue  crack  growth  response,  and  at  axam- 
ining  the  Influence#  of  different  loading  variables  on  environment  assisted  fatigue 
crack  growth.  Results  from  chase  early  acudlas  served  to  demonecreta  the  complexity 
of  the  p robin,  and  showed  that  many  of  the  observed  effects  of  loading  variable* 
can  be  traced  directly  to  their  interaction#  with  the  environment  (McEvtly  and  Wei, 
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1972;  Vei , 1970).  It  bacama  apparent  also  chat  a better  understanding  of  che  under- 
lying processes  for  anvlronmsnc  assisted  fatigue  crack  growth  is  needed  co  provide 
a rational  basis  for  the  interpretation  of  crack  growth  data.  A number  of  Issues 
began  co  crystallite  by  che  early  1970's.  These  Issues  rslats  to  che  reported  dif- 
ferences in  response  to  frequency  and  waveform  for  aluminum  alloys  (Bradshaw  and 
Wheeler,  1968;  Eartaan  and  coworkars,  1967;  Eudak  and  Wei,  1972;  Wei,  1968)  and 
steels  (Sarscm,  1972;  Gallagher,  1971;  Wei.  Talda  and  Li.  1967),  the  relationship 
between  environment  assisted  sustained-load  crack  growth  (stress  corrosion  cracking) 
and  facigua  crack  growth  (corrosion  fatigue)  (Millar,  Eudak  and  Wei,  1973,  Speldal 
and  coworkars,  1972;  Wei  and  Landes,  1969),  and  the  cause  or  mechanism  for  environ- 
ment assisted  fatigue  crack  growth  below  che  so-called  stress  corrosion  cracking 
threshold  (Hscc)1  (Wei  and  Speldal.  1972;  Wei  and  Simmons,  1977).  The  most  impor- 
tant issue,  insofar  as  it  relates  to  phenomenological  understanding  of  load-environ- 
ment interactions,  appears  to  be  the  identification  of  che  rate  controlling  process 
for  environment  assisted  crack  growth  (Simmons,  Pao  and  Wei,  1978;  Wei  and  Slsona, 
1977) . The  possible  sequential  processes  involved  in  environment  assisted  crack 
growth  are  illustrated  schematically  in  Fig.  1,  for  example,  for  a ferrous  alloy 
exposed  co  a hydrogenous  gas  (Wei,  1979).  The  need  for  and  development  of  a funda- 
mental approach  for  addressing  these  issues  are  discussed  by  Wei  and  Simmons  (1977) , 
Wei  (1979)  and  Williams,  Pao  and  Wei  (1979). 


Local  Strata 

f Fracture 


Fig.  1.  Schematic  illustration  of  various  sequential  pro- 
cesses involved  in  embrittlement  by  external  gas- 
eous environment a.  (Embritt lament  reaction  is  de- 
picted by  the  Fs-«-Fe  bond.)  (After  Wei,  1979.) 

Using  an  integrated  Interdisciplinary  approach,  SiMons,  Peo  end  Wei  (1978)  sought 
to  Identify  ehe  rata  coo  trolling  process  for  crack  growth  in  weter/weter  vapor  for 
a high-etrangth  (AIS1  4340)  steel.  To  this  end.  sustained- load  crack  growth  axperi 


is  ths  appsrsnt  thrsshold  stress  lntsnslty  (K)  lsvsl  for  strsss  corrosion 
cracking  and  is  dsflnad  as  ths  asymptotic  valua  of  I u ths  rats  of  crack  growch 
under  sustained  load  spproachas  taro  (Brown  sad  Bearhsm,  1965;  Wsl,  Novak  and 
williams.  1972). 
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aents  were  carried  out  in  hydrogen  and  In  water  co  deceraiae  Che  kinetics  of  crack 
growth  as  a function  of  tamperacura.  Companion  experiments  ware  carried  out  on  the 
same  steel  to  determine  the  kinetics  of  water-metal  surface  reactions  using  Auger 
electron  spectroscopy  (AES).  These  studies  were  supplemented  by  detailed  funda- 
mental studies  of  reactions  of  water  vapor  with  Iron  single  crystals  by  AES  and 
tect  (low  energy  electron  diffraction)  (Dwyer,  Siaamaa  and  Wal,  1977),  and  by  AES 
analysis  of  the  elemental  composition  of  fracture  surfaces  produced  by  environment 
assisted  crack  growth  (Wei  and  Simmons,  1976).  Through  these  coordinated  Interdis- 
ciplinary studies  and  comparisons  of  activation  energies  for  crack  growth  mid  for 
surface  reactions,  the  rate  controlling  process  for  crack  growth  was  identified  to 
be  a slow  step  in  the  reaction  of  water /water  vapor  with  iron  and,  perhaps,  iron 
carbide  (Dwyer,  Sissons  and  Wei,  1977;  Simmon a,  Fao  and  Wei,  1978).  This  reaction 
step  is  associated  with  the  nuc Lest loo  and  growth  of  amide  on  the  surface,  and  the 
presumed  concomitant  production  of  hydrogen  (Simmons,  Fao  and  Wei,  1978). 

Saving  identified  the  race  limiting  process  for  sustained- load  crack  growth  for  this 
high-strength  steal  in  watar/watar  vapor,  Fao,  Wal  and  Wei  (1979)  examined  Its  im- 
plication in  terms  of  environment  assisted  fatigue  crack  growth  response.  Their 
results  indicated  chat  both  steady-state  sad  nonstesdy-state  crack  growth  response 
can  be  adequately  — pi«<«es  in  relation  to  the  kinetics  of  surface  reactions. 

Based  on  this  success,  the  Integrated  interdisciplinary  approach  aaa  bean  extended 
co  the  study  of  environment  assisted  fatigue  crack  growth  response  in  an  alumlnua 
alloy  (Wal  and  coworkers,  1979).  This  later  study  expands  on  an  earlier  suggestion 
by  Bradshaw  and  Wheeler  (1968)  that  the  enhancement  of  fatigue  crack  growth  in  al- 
unlnun  alloys  by  water  vapor  is  determined  by  the  exposure  (pressure  x time)  dur- 
ing each  load  cycle.  The  results  fron  chase  racanc  investigations  are  summarized 
and  chair  engineering  significance  are  considered. 
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Fig.  1. 


Room  temperature  fatigue  crack  growth  kinetics  on 
AlSI  1340  steel  tested  in  dehumidified  argon  and 
in  water  vapor  (below  Klacc)  at  R " 0.1.  (After 
Fao,  Wei  end  Wei,  1979.) 
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Pao,  Wei  and  W a i (1979)  examined  cha  affect  of  cyclic-load  frequency  (0.1  to  10 
Hz)  on  fatigue  crack  growth  In  a high-strength  (AISI  1340)  steel  tested  In  water 
vapor  at  rooa  temperature.  1 wacer  vapor  pressure  of  385  Fa  was  selected  to  pre- 
clude capillary  condensation  at  tha  crack  tip.  Steady-state  crack  growth  data 
from  this  study  are  shown  In  Fig.  2,  and  confirm  the  existence  of  a substantial 
effect  of  frequency  at  K«ax  levels  wall  below  chat  required  for  producing  signif- 
icant crack  growth  under  sustained  loads  (that  Is,  below  Kisce)  (Sarsoo,  1972; 
Gallagher . 1971).  Fraccographic  data  Indicated  chat  at  cha  higher  frequencies 
(namely,  10  Hz) , tha  fracture  surface  morphology  was  akin  to  chat  for  ''pure''  (me- 
chanical) fatigue.  Ac  the  lower  frequencies  (chat  la,  below  1 Hz),  on  cha  ocher 
hand,  the  morphology  exhibited  increasing  enouncs  of  Intergranular  separation  along 
prior-austenite  grain  boundaries  chat  Is  typical  for  suscalned-load  crack  growth  In 
wacar/wacer  vapor  (Slums,  Pao  and  Wei,  1978).  These  observations,  taken  in  con- 
junction vich  previous  studies,  suggested  chat  tha  steady-state  fatigue  crack  growth 
rata  in  an  aggressive  environment  is  composed  of  two  components  — one  for  "pure" 
fatigue  and  the  ocher  representing  cha  envlronaMntal  contribution.  Because  the 
race  controlling  process  has  been  identified  to  be  a slow-scep  in  cha  water-natal 
surface  reaction  in  this  case,  Che  environmental  component  is  expected  to  depend 
on  the  time  available  for  this  reaction  (namely,  the  cyclic  loed  period)  and  on 
che  reaction  kinetics.  In  other  words,  the  extent  of  crack  growth  during  one  load- 
ing cycle  is  expected  to  be  proportional  to  Cha  extent  of  reaction  (or  surface 
coverage)  during  chat  cycle.  Baaed  on  data  on  cha  kinetics  of  surfaca  reactions 
(Simmons,  Pao  and  Hal,  1978),  cha  environment  contribution2  should  vary  almost 
linearly  with  cha  cyclic  load  period  or  inversely  with  frequency,  over  tha  range 
of  frequencies  used  in  chair  investigation.  Figs.  3 and  A (Pao,  Wei  and  Wei,  1979). 
Ac  high  frequencies,  environmental  affect  should  be  essentially  negligible;  sc  low 
frequencies.  It  should  reach  a marl mum  or  a saturation  value.  This  general  trend 
Is  consistent  with  data  reported  by  Gallagher  (1971)  for  fatigue  crack  growth  in 
a high-strength  (HT-80)  scaal  in  3.5  pec  NaCI  solution  (Fig.  5),  and  by  Bradshaw 
and  Wheeler  (1968)  on  an  aluminum  (DTD  S070A)  alloy  In  water  vapor. 


To  further  verify  che  concept  of  surface  reaction  control  and  to  follow  up  on  tha 
earlier  suggestions  by  Bradshaw  and  Wheeler  (1968)  and  by  Hudak  and  Wai  (1972),  a 
combined  surface  chemistry  and  fracture  mechanics  study  of  facigue  crack  growth  In 
water  vapor  was  carried  out  on  an  aluminum  alloy  by  Wei  and  Simmons  and  their  co- 
workers  (1979) . Facigue  crack  growth  experiments  wars  carried  out  as  a function 
of  water  vapor  pressure  ac  room  temperature  for  an  Al-Cu  (2219-T851)  alloy.  Tha 
reactions  of  this  alloy  with  water  vapor  was  also  determined  by  Auger  electron 
spectroscopy  (AES)  and  by  x-ray  photoelaccron  spectroscopy  (EPS) . Tha  facigue 
crack  growth  and  surfaca  reaction  data  are  shown  In  Figs.  6-8.  Comparison  of  Figs. 
7 and  8 indicates  tha  trend  In  cha  fatigue  crack  growth  and  surface  reaction  dace 
era  similar,  escape  that  cha  exposures  (expressed  as  pressure  x elms  or  pressure/ 
frequency)  differed  by  about  3 orders  of  magnitude.  Recognizing  chat  ac  tha  low 
pressures  used  la  ebaaa  experiments  and  for  this  highly  reactive  system,  the  en- 
vironmental affect  may  be  limited,  in  addition,  by  cha  rata  of  transport  of  cha 
environment  to  cha  crack  tip2  (Chat  la,  by  step  1 In  Fig.  1),  an  estimate  of  this 


‘"The  environmental  contribution  Is  represented  by  cha  difference  of  cwo  empirical 
constanta,  C - C0,  determined  by  laast-squares  fit  to  cha  data  in  Fig.  2 using 
da/dN  • UK2.  This  empirical  relationship  provided  a convenient  means  for  repre- 
senting chasa  data,  hue  does  not  have  general  validity. 


^Transport  limitation  has  bean  suggested  by  the  companion  fraccographic  observa- 
tions (Wal  end  coworkers,  1979). 
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influence  has  seen  made  (Wei  and  coworkers,  1979).  this  escimate  showed  chat  by 
incorporating  the  transport  process,  good  correlation  between  surface  reaction 
kinetics  and  the  rate  of  environment  assisted  fatigue  crack  growth  In  the  aluminum 
alloy  can  be  obcalned  (see  Fig.  9). 
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Fig.  3.  Environment  dependant  component  of  fatigue  crack 
growth  parameter  aa  a function  of  cyclic  load 
period  for  A1SI  4340  steel  tasted  In  water  vapor 
at  room  temperature.  (After  Fan,  Mel  and  Uei, 
1979.) 
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Fig.  4.  Kinetics  of  reaction  of  AISI  4340  steel  with  water 
vapor  at  three  temperatures.  (Tha  steel  surface 
was  Ion  etched  prior  to  each  exposure  to  water 
vapor.)  (After  Simmons,  Pao  and  Hal,  1978.) 
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Influence  of  water  vapor  praaaura  on  Che  kinetics 
of  fatigue  crack  growth  In  2219-T851  aluminum  alloy 
at  room  temperature*  (After  Wei  and  covorkars, 
1979.) 
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Iafluanca  of  vac or  vapor  praaaura  ,or  praaaura/ 
fmquancy)  on  faeigua  crack  growth  raca  In 
2219-T851  aluainu*  alloy  at  room  taaparatura. 
(Aftar  Mai  and  covorkars,  1979.) 
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8.  Klnatic a of  raactiona  of  Z219-T851  aluninvan  alloy 
with  oxygan  and  with  wacar  vapor  at  rooa  campar- 
acura.  (Aftar  Mai  and  coworfcara,  1979.) 
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Fig.  9.  Comparison  between  cha  observed  fatigue  crack 
growth  rasponaa,  for  2219-T851  aluminum  alloy 
cascad  In  watar  vapor  at  room  camparacura,  and 
praducclon  of  a transport -limit ad  modal.  (After 
Wei  and  coworkars,  1979.) 


These  recent  studies  have  contributed  significantly  Co  Che  phenomenological  under- 
standing of  environment  assisted  fatigue  crack  growth.  Correlation  between  Che  sur- 
face reaction  kinetics  and  cha  dependence  of  fatigue  crack  growth  response  (below 
Klscc)  as  a function  of  frequency  and  water  vapor  pressure  has  now  been  establish- 
ed for  these  two  very  different  alloy-environment  systems.  Two  seperace  regimes 
can  now  be  identified,  where  environment  enhancement  of  fatigue  crack  growth  is 
determined  by  the  axcenc  of  surface  reaction  during  one  loading  cycle.  For  alloy- 
environment  systems  with  "slow”  reaction  kinetics  (e.g. . steel-wacer  vapor  system) , 
environmental  effects  are  evident  at  "high”  pressures  and  "low”  frequencies,  and 
crack  growth  enhancement  is  only  a function  of  the  surface  reaction  kineclcs.  For 
alloy-environment  systems  with  "fast”  reaction  kinetics  (e.g. . aluminum-water  vapor 
system) , on  Che  ocher  hand,  environmental  effects  now  manifest  themselves  ac  "low” 
pressures  and  "high”  frequencies,  and  the  enhancement  of  crack  growth  now  also  de- 
pends on  che  rate  of  transport  of  Che  external  environment  to  the  crack  dp.  The 
3 orders  of  magnitude  difference  between  che  races  of  water  vapor  reactions  with 
aluminum  alloys  and  with  steels  (compare  Figs.  3 and  3)  can  readily  account  for  the 
observed  differences  in  environment  asslsced  fatigue  crack  growth  response  for  these 
alloys  (Hudak  and  Wei,  1972).  The  correlation  developed  in  these  studies  (Pao,  Wei 
and  Wei,  1978;  Wei  and  coworkers,  1979)  appears  to  have  general  applicability  for 
che  enhancement  of  fatigue  crack  growth  in  gaseous  environments,  and  provides  a 
basis  for  assessing  environmental  effects.  Extension  of  che  basic  concept  and  ap- 
proach to  che  consideration  of  cracking  problems  in  aqueous  environments  should 
prove  to  be  useful  and  is  being  explored. 
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MODELING  AND  ENGINEERING  IMPLICATIONS 


Based  on  che  recently  developed  understanding  and  on  research  over  the  past  IS 
years,  a rational  basis  for  treating  environment  assisted  fatigue  crack  grouch  has 
been  suggesced  (Wei,  1979).  The  rate  of  fatigue  crack  growth  In  an  aggressive  en- 
vironment , (da/d.N)a,  Is  considered  co  be  Che  sum  of  three  components. 

(da/dN) a - (da/ dll) r +•  (da/dN) c£  + (da/dN) Jcc 

- (da/dN) f + (da/dN)  c£  + j [da/dt(K)i  dt 

(da/dN) r la  the  race  of  fatigue  crack  growth  In  an  inert  environment  and,  there- 
fore, represents  Che  contribution  of  "pure'*  (mechanical)  fatigue.  This  component 
is  essentially  independent  of  frequency  at  temperatures  where  creep  la  not  Impor- 
tant. (da/dN) Cf  represents  a cycle-dependent  contribution  requiring  synergistic 
interaction  of  fatigue  and  environmental  attack.  (da/dN) scc  is  the  contribution 
by  sustained-load  crack  growth  (that  is,  stress  corrosion  cracking)  at  K levels 
above  Kj,cc  (Wei  and  Landes,  1969). 

Detailed  examinations  of  the  contribution  by  sustained-load  crack  growth,  chac  is 
the  (da/dN) JCC  term,  have  been  made  previously  (Miller,  Hudak  and  Wei,  1973;  Wei 
and  Landes,  1969).  For  usual  engineering  applications,  however,  alloys  that  are 
highly  susceptible  to  sustained-load  crack  growth  (stress  corrosion- cracking)  would 
not  be  used,  and  the  (da/dN) scc  term  is  primarily  of  academic  interest.  The  cycle- 
dependent  tarn,  (da/dN) gf,  on  the  other  hand,  is  quits  Important.  Its  existence 
has  been  recognized  by  researchers  for  some  time  (Bar son,  1972;  Gallagher,  1971; 
Parkins  and  Greenwell,  1977;  Speidel  and  coworkers,  1972;  Wei,  1970).  A formal 
framework  for  estimating  the  frequency  and  preeeure  dependence  in  gaseous  environ- 
oaqcs  Is  beginning  Co  Merge. 

The  cycle-dependent  term,  however,  has  not  been  fully  appreciated  by  moet  of  the 
engineering  comunity.  Its  impact  must  be  recognized  and  caken  into  account  in 
the  development  of  design  data,  and  particularly  in  Che  use  of  the  so-called  accel- 
erated taacs.  By  the  same  token,  reliability  of  service  life  predictions  depend 
on  a proper  accounting  of  the  environmentally  induced  effects. 


SUMMARY 

Recent  fracture  mechanics  and  surfaca  chemistry  baaed  studies  have  contributed  to 
further  understanding  of  environment  assisted  fatigue  crack  growth  in  high- 
strength  alloys.  The  rata  of  fatigue  crack  growth  in  an  aggressive  environment, 
(da/dN),,  may  be  considered  to  be  the  sum  of  three  components. 

(da/dN)a  - (da/dN) r + (da/dN) ^ + (da/dN)tc(; 

(da/dN) , is  the  rate  of  fadgue  crack  growth  in  an  inert  environment,  and,  there- 
fore, represents  the  contribution  of  "pure"  fatigue.  (de/dN)cf  represents  a cycle- 
dependent  contribution  requiring  synergistic  interaction  of  fatigue  and  environ - 
mental  attack.  (da/dN)  icc  is  the  contribution  by  sustained-load  crack  growth  (1^. 
stress  corrosion  cracking)  at  K levels  above  ^X*cc • The  cycle-dependent  term  has 
been  shown  to  arise  from  the  reaction  of  the  environment  with  fresh  crack  surfaces 
produced  by  fatigue,  and  is  a function  of  the  extant  of  reaction  during  one  load- 
ing cycle.  For  highly  reactive  alloy-environment  systems,  cracking  response  may 
depend  also  on  the  rets  of  transport  of  the  aggressive  environment  co  the  crack 
tip.  For  gaseous  environments,  a formal  basis  for  estimating  pressure  and  frequen- 
cy dependence  has  been  developed.  The  framework  and  approach  are  expected  to  be 
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applicable  co  ocher  aggressive  environments  (such  as,  aqueous  environments),  end 
should  provide  a basis  for  Che  development  of  appropriate  macsrial  evaluation  and 
life  prediction  procedures. 
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